The upward spread of masking refers to the higher growth rate of masking for maskers lower in frequency than the signal, compared to maskers at the signal frequency (Wegel RL, Lane CE. The auditory masking of one pure tone by another and its possible relation to the dynamics of the inner ear. Physics Rev. 23:266-285, 1924; Egan JP, Hake HW. On the masking pattern of a simple auditory stimulus. J. Acoust. Soc. Am. 22:622-630, 1950; Delgutte B. Physiological mechanisms of psychophysical masking: Observations from auditory-nerve fibres. J. Acoust. Soc. Am. 87:791-809, 1990a, Delgutte B. Two-tone rate suppression in auditory-nerve fibres: Dependence on suppressor frequency and level. Hear Res. 49:225-246, 1990b). The upward spread of simultaneous masking may arise from a combination of excitatory and suppressive effects. In this study, growth of masking functions were obtained for a 4-kHz signal masked by an on-frequency (4 kHz) or offfrequency (2.4 kHz), simultaneous or forward masker, in the presence of a notched noise with a center frequency of 4 kHz presented to restrict off-frequency listening. Compression was estimated from the slopes of the off-frequency growth of masking functions. Suppression was estimated by comparing the offfrequency simultaneous-and forward-masked growth of masking functions. Results showed that, for midlevel signals (35-60 dB SPL), the compression exponent estimated from simultaneous and forward masking averaged 0.31 and 0.26, respectively. The maximum amount of suppression (defined as the decrease in the basilar-membrane response to the signal) was variable, ranging from about 6 to 17 dB across subjects. Despite the substantial reduction in the response to the signal, the results suggest that suppression has a minimal effect on the slope of the masking function at mid levels. Rather, upward spread of masking seems to be mainly determined by the compressive basilar-membrane response to the signal in relation to the linear response to the lowerfrequency masker.
INTRODUCTION
For a signal presented with a lower-frequency masker, a given increase in masker level produces a greater increase in signal level at threshold (Wegel and Lane 1924; Egan and Hake 1950) . This nonlinear growth of masking (GOM) is commonly referred to as the upward spread of masking (USM). For simultaneous maskers and signals, USM may result from an upward spread of suppression (Wightman et al. 1977; Weber 1983; Fahey and Allen 1985; Costalupes et al. 1987; Delgutte 1990a) , in which the reduction in the response to the signal increases with increasing masker level, and/or an upward spread of excitatory masking (Delgutte 1990a; Zwicker and Fastl 1990; Beveridge and Carlyon 1996; Moore and Vickers 1997; Oxenham and Plack 1998; Gorga et al. 2002) , in which the response to the signal grows more slowly (compressively) with level than the response to the masker. Both phenomena are consequences of the frequency-dependent compressive nonlinearity on the basilar membrane (BM), produced by an active gain mechanism (Gold 1953; Kemp 1978) thought to be mediated by the outer hair cells (Brownwell et al. 1985) .
The characteristics of cochlear nonlinearity can be measured in the response of the BM (Rhode 1971 (Rhode , 1977 Sellick et al. 1982; Robles et al. 1986; Ruggero et al. 1992; Rhode and Recio 2001) . The active mechanism is responsible for the compressive growth of the BM response for a mid-level signal with a frequency close to the characteristic frequency (CF) of the BM place of recording (Ruggero et al. 1997) . In contrast, the BM response for a signal frequency of about 0.7CF or less grows linearly (slope close to 1 dB/dB; Ruggero et al. 1997) . Compressive and suppressive responses have also been measured in auditory neurons (Cooper and Yates 1994; Delgutte 1990a; Pang and Guinan 1997) . A compressive growth of response can be inferred from a comparison of neural rate-level functions for a signal at CF, and a signal well below CF (e.g., Cooper and Yates 1994) . Delgutte (1990b) measured the level of a CFtone required to maintain a criterion discharge rate for an auditory nerve fiber, as a function of the suppressor level (a suppression growth function). The amount of suppression was found to average about 40-50 dB; the CF tone had to be increased by about 40-50 dB (increase in level from 30 to 80 dB SPL) to maintain the discharge rate at criterion level, for an increase in suppressor level from about 60 to 90 dB SPL). Similarly high amounts of suppression were reported by Javel (1981) ; for a suppressor lower in frequency than the CF, the shift of neural response functions (based on a measure of the synchrony of neural discharge) to higher levels was about 28 dB.
Although nonlinear growth of suppression may be the major cause of USM for low-level signals (Delgutte 1990a) , physiological (Robles et al. 1987; Ruggero et al. 1992 ) and psychophysical (Yasin and Plack 2003) studies suggest that for mid-level signals suppression may reduce the USM by increasing the slope of the BM I/O function and hence decreasing the compression in the signal response. Because suppression requires simultaneous presentation of the suppressor and suppressee (Arthur et al. 1971; Houtgast 1972 Houtgast , 1974 Fastl and Bechly 1983) , simultaneous-masking experiments may underestimate the amount of compression that occurs in the absence of a suppressor (Stelmachowicz et al. 1987) . In forward masking, however, the masker cannot suppress the signal and a more accurate estimate of compression can be obtained (Oxenham and Plack 1997; Nelson et al. 2001) . Oxenham and Plack (1998) estimated compression by comparing the slopes of on-and offfrequency GOM functions and reported that compression estimates were slightly, but significantly, different for their simultaneous and nonsimultaneous conditions (compression exponents of about 0.5 and 0.4, respectively). The amount of suppression in simultaneous masking can be estimated by comparing the thresholds for a simultaneous-and forward-masked signal (Moore and Glasberg 1982; Moore and Vickers 1997; Oxenham and Plack 1998; Sommers and Gehr 1998) . For example, Oxenham and Plack (1998) estimated the amount of suppression by taking the difference between the offfrequency simultaneous and nonsimultaneous masked signal thresholds.
There is a possibility that the compression and suppression estimated by some psychophysical studies may not be a true reflection of the actual amounts of compression and suppression as a result of offfrequency listening (Leshowitz and Wightman 1971; Johnson-Davies and Patterson 1979; O'Loughlin and Moore 1981) . Off-frequency listening refers to the detection of signal activity from a region of the BM with a CF other than that of the signal. For example, if the masker frequency is below the signal frequency, then the signal may be detected using a place with a CF above the signal frequency. Because the response to a below-CF signal grows more linearly than the response to a signal at CF, measures of compression without background noise may be underestimates (Nelson et al. 2001) . As off-frequency listening decreases the estimate of compression, it is possible that it also affects the estimate of suppression. Oxenham and Plack (1998) found compression exponents of 0.4 and 0.5 estimated from off-frequency simultaneous-and forward-masked GOM slopes; however, they did acknowledge that the lack of a background noise may have affected the compression estimates. Indeed, these values are much higher (i.e., suggest less compression) than the estimate of 0.16 from forward-masked GOM functions derived with high-pass noise (Oxenham and Plack 1997) . The use of a noise to restrict off-frequency listening in measurements of GOM has been evaluated by Nelson et al. (2001) . Estimated compression was found to be greater with the notched noise than without; the notched noise restricted the use of signal information from areas adjacent to the signal place, where the signal response grows linearly. In summary, a comparison of GOM slopes measured in the absence of notched noise centered at the signal frequency may lead to an underestimate of the roles of both signal compression and suppression in USM.
The aim of the present study was to extend the findings of Oxenham and Plack (1998) by measuring the contributions of compression and suppression to USM in the presence of background notched noise designed to restrict off-frequency listening. GOM functions were obtained for a 4-kHz signal masked by an on-frequency (4 kHz) or off-frequency (2.4 kHz) simultaneous or forward masker. The amount of signal compression was estimated from the slopes of the off-frequency GOM functions. Suppression was estimated by comparing the off-frequency simultaneous-and forward-masked GOM functions. Because of the need to keep the signal level constant relative to the level of the notched noise, the present study adaptively varied the masker level, rather than the signal level.
METHODS

Stimuli
Thresholds for a 4-kHz pure-tone signal were obtained in the presence of a 500-Hz wide noise masker (3-dB downpoints and attenuation slopes of 90 dB/octave) centered at either 4 kHz (on-frequency) or 2.4 kHz (off-frequency). The signal had no steady-state duration and 3-ms raised-cosine on-and off-set ramps. The masker had a steady-state duration of 200 ms and 2-ms raised-cosine on-and off-set ramps. The signal was presented in the temporal center of the masker (simultaneous masking) or at a masker-signal gap (ramp offset to ramp onset) of 6 ms (forward masking). The signal was presented at levels between 20 and 80 dB SPL in 5-dB steps. A notched noise was added to limit off-frequency masking by Oxenham and Plack (1997) . In their study, a notched noise was presented with a spectrum level 30 dB below the spectrum level needed to mask the signal for one of the subjects. The spectrum level in the passband was about 50-60 dB less than the signal level in dB SPL. In the present study, the notched noise was presented with a spectrum level in the passband 40 dB less than the signal level, although the signal was still clearly audible. The notched noise had a center frequency of 4 kHz, a notch width of 1 kHz (3-dB downpoints), and attenuation slopes of 90 dB/octave. The noise was gated on 50 ms before masker onset and gated off 50 ms after signal offset. All stimuli were digitally generated by a PC using a sampling rate of 48 kHz and output via a soundcard with 24-bit resolution. Antialiasing was provided by built-in filters. The stimuli were presented to the right channel of Sennheiser HD 580 headphones. The headphone input came directly from the output of the soundcard DAC.
Procedure
Subjects were tested individually while seated in an IAC double-walled sound-attenuating booth. The stimuli were presented to the subjects' right ears. A 3I-3AFC adaptive procedure was used to determine the masker level at which the subject would achieve 70.7% correct on the psychometric function (Levitt 1971) . A block of trials began with the presentation of a light on a computer-simulated response box. Subjects started a block of trials by pressing a start key. The length of each observation interval was indicated by a light on the response box in one of two rectangles. The interstimulus interval was 500 ms. On each trial, the masker was presented in all three intervals. The signal was presented at random in one of the intervals. The task within each trial was to select the signal interval. Subjects responded by pressing the appropriate response key. After a response, visual feedback was provided by the presentation of a colored light. In each block of such trials, the masker level was decreased after an incorrect response and increased after every two consecutive correct responses. A reversal was counted every time the masker level changed direction. The masker level was varied in steps of 4 dB for the first four reversals. For the following 12 reversals the step size was reduced to 2 dB and the levels for the last 12 reversals were averaged to obtain the threshold value. In this way, an estimate of threshold was obtained from each block of trials. Data were collected after 2 h of practice. Five estimates of threshold were obtained for each condition. The most deviant threshold was discarded and the mean was calculated from the remaining four estimates of threshold. The maximum masker spectrum level that could be produced by the system without clipping was 72 dB. If a masker spectrum level of 72 dB was reached within a block of trials, the estimate of threshold from that block was discarded. Temporal (simultaneous and nonsimultaneous) and frequency (on-and off-frequency) conditions of the masker were presented as a randomized set.
Subjects
Four subjects were tested. One was the author (I.Y.) and the other three subjects (A.B., C.O., and P.P.) were paid for their services. Absolute thresholds for the 4-kHz 6-ms signal used in the experiment were 10.4, 13.4, 19.4, and 9.8 dB SPL, respectively.
RESULTS
GOM functions for simultaneous or forward maskers
The individual GOM functions for both forward-and simultaneous-masking conditions are shown in Fig Within each panel, the on-frequency simultaneous and forward-masked GOM data were fit with linear functions and the off-frequency simultaneousand forward-masked GOM data were fit by thirdorder polynomial functions. In both cases, the fitting procedure minimized the root mean square (rms) deviations between the experimental and predicted values. The solid thick and thin lines fitted to the data represent the functions fitted to the forwardand simultaneous-masked data, respectively. Consistent with the results of Plack (1997, 1998) , for all subjects the increase in the onfrequency masker level with increasing signal level is close to linear (mean gradient, 0.96 dB/dB). On average, there was a slight tendency for the onfrequency forward-masked functions to be higher than the simultaneous functions (mean of 2.4 dB across listeners), with subject C.O. showing the greatest difference (4.1 dB). The off-frequency simultaneous-and forward-masked functions diverge for all subjects, with generally higher masker levels required for threshold with an off-frequency forward masker than an off-frequency simultaneous masker. The range of signal levels over which this offfrequency divergence occurs and the extent of the divergence differ across subjects. For A.B., C.O. and I.Y., the divergence occurs for a relatively large range of signal levels between about 30 and 70 dB SPL, with a greater overall divergence for C.O. For P.P., the divergence occurs for a smaller and lower range of signal levels, between about 20 and 30 dB SPL. For most subjects, the slope of the off-frequency, simultaneous-and forward-masked GOM function returns to a value of 1 dB/dB (or greater) for higher signal levels (above about 60 dB SPL).
Estimates of compression
Following Oxenham and Plack (1997) , the GOM function for the off-frequency masker may be assumed to be an estimate of the shape of the BM response function for the signal at the place tuned to the signal. The slope of the off-frequency GOM function is an estimate of the compression exponent, c. The value of c was calculated by taking the first derivative of the third-order polynomial fits to the offfrequency simultaneous-and forward-masked GOM data. masker for all subjects and a forward masker for I.Y. and P.P. The estimates of c greater than 1, as seen in the high-level off-frequency data for C.O., I.Y., and P.P. are puzzling. Variability may be partly responsible: The polynomial fits were pushed into the final steep phase largely by the highest one or two data points. For all subjects, compression is greatest for midlevel signals (35-60 dB SPL), for either a simultaneous or forward masker. For mid-level signals, maximum forward-masked compression exponents average 0.26 across the four subjects, with compression exponents for subjects A.B. and C.O. of about 0.17. Over the same range, the simultaneous-masked compression exponents average 0.31. However, there are differences between individuals. The estimates of signal compression are greater for a forward than a simultaneous masker for A.B. and P.P., similar for both maskers for I.Y., and greater for a simultaneous than a forward masker for C.O. For relatively highlevel signals of about 55-70 dB SPL for A.B. and C.O., the compression estimates are greater for forward than for simultaneous masking. For low-level signals (15-40 dB SPL for P.P. and 30-45 dB SPL for I.Y.), the compression estimates are greater for forward than simultaneous masking. For I.Y. for mid-level signals (45-60 dB SPL), there is slightly more compression in simultaneous than forward masking. However, in the case of the off-frequency forwardmasking thresholds for this subject, the slope of the best-fitting polynomial seems to be slightly greater than the slope inherent in the data at mid levels.
Estimates of suppression
To estimate the amount of suppression as a function of signal level, the third-order polynomial functions fitted to the off-frequency data were used to generate values of masker levels for a range of signal levels. The amount of suppression for a given signal level was calculated by subtracting the interpolated masker level for the off-frequency simultaneous condition from the masker level for the off-frequency forward condition. The values of suppression calculated in this manner indicate the decrease in the BM response to the signal at the signal place. Because the off-frequency masker threshold can be taken as an estimate of the BM response to the signal (Oxenham and Plack 1997), the decrease in the physical level of the off-frequency masker from a forward-to simultaneous-masking condition is assumed to be equivalent to the decrease in the BM response to the suppressed signal.
The amount of suppression as a function of signal level is shown in Figure 3 . The maximum amount of suppression ranges from about 6 to 17 dB across subjects. For A.B. and C.O., suppression increases from low signal levels to a maximum of about 6 and 17 dB, respectively, then decreases for higher signal levels. For I.Y. and P.P., the amount of suppression has a maximum of about 10 dB at relatively low signal levels.
DISCUSSION
The growth of masking and compression
Despite individual differences, there are two main consistent features of the data. First, the on-frequency simultaneous-and forward-masked GOM functions are linear. Previous studies with a brief signal and a short masker-signal gap have also reported linear onfrequency forward-masked GOM functions (Oxenham and Moore 1995; Plack 1997, 1998; Plack and Oxenham 1998) . Linear masking functions can be explained by the equivalent rate of BM response growth for both the on-frequency masker and the signal at the signal place (Plack and Oxenham 1998); the BM response to both the masker and signal grows either linearly (for low-level signals) or compressively (for mid-level signals). The linear increase in level of the simultaneous onfrequency masker with increase in signal level was similar to that reported by Oxenham and Plack (1998; 10-ms 4-kHz signal, 500-Hz noise masker). However, reported that for short (2 ms), 5-kHz signals, signal thresholds do not increase linearly for mid-level increases in a simultaneously presented broadband noise masker; a greater signal level increase is required for mid-level masker levels than for very low or high masker levels. Similarly, in van Klitzing and Kohlrausch's (1994) study, for a 2-ms signal masked by a simultaneous frozen-noise masker, a nonlinear response was particularly evident for mid-level maskers; a greater increase in masked threshold was observed for an increase in masker level from 30 to 50 dB than for an 372 YASIN AND PLACK: The Upward Spread of Masking increase in masker level from 50 to 70 dB. A linear increase in level of the simultaneous on-frequency masker with increase in signal level in the present study is most likely explained by the use of a narrowband noise masker, the internal representation of which grows at a similar rate to that of the signal, with the effect that for mid-level signals, compression acts to reduce the representations of the masker and signal equally. It appears unlikely that signal splatter facilitated signal detection in the present study, due to the use of the notched noise. Second, both off-frequency forward-and simultaneous-masked GOM functions are nonlinear for midlevel signals, consistent with previous studies Plack 1997, 1998) . The nonlinear GOM for mid-level signals is explained by a compressive signal response growth with respect to a linear masker response growth at the signal place (Rhode 1971; Sellick et al. 1982; Robles et al. 1986; Yates et al. 1990; Nelson and Schroder 1997; Oxenham and Plack 1997; Nelson et al. 2001) . For all subjects, the maximum compression for either a simultaneous or forward masker occurred for signals around 35-60 dB SPL. According to physiological data, it is for this range of signals that the growth of excitation is nonlinear at the signal place Murugasu and Russell 1995) . Maximum forwardmasked compression exponents averaged 0.26 with compression exponents for subjects A.B. and C.O. close to 0.17. An estimate of 0.17 is comparable to the compression exponent of 0.16 derived from GOM functions with high-pass noise (Oxenham and Plack 1997; Nelson et al. 2001) . These higher compression estimates with notched or high-pass noise are consistent with the higher compression estimates from animal data (Sellick et al. 1982; Yates et al. 1990; Ruggero et al. 1992) . The average compression exponent estimate of 0.26 is comparable to the compression exponent of 0.3 from BM I/O functions derived from forward-masking thresholds with notched noise (Yasin and Plack 2003) . Oxenham and Plack (1998) reported compression exponents derived from nonsimultaneous GOM functions to average 0.43 across subjects, for the same signal and masker frequencies as used in this study but without the notched noise to restrict off-frequency listening. The present results suggest that the lower estimate of compression in their study may have been due to off-frequency listening. The BM response basal to the signal place grows more linearly than the response at the signal place, hence the use of information from a more basal location may linearize the GOM, so increasing the compression exponent estimate.
For most subjects the slope of the off-frequency GOM function becomes much steeper at higher signal levels (above about 60 dB SPL). Some (Ruggero and Rich 1991; Ruggero et al. 1992; Oxenham and Plack 1997; Gregan et al. 1998; Bacon et al. 1999; Nelson et al. 2001; Yasin and Plack 2003) , although not all (Bacon and Viemeister 1985; Murugasu and Russell 1995; Ruggero et al. 1997) physiological and psychophysical studies show that the slope of the I/O function or GOM function returns to a value of 1 dB/dB for high-level signals. The implication being that for high-level signals the BM response to both the signal and masker may grow linearly at the signal place, as is the case for low-level signals (Delgutte 1990a; Yates et al. 1990) . A return to linearity at high levels could also be explained by the level-dependent shift of the peak of the signal excitation pattern toward the basal region of the BM (McFadden and Yama 1983) . At high levels, the peak of the traveling wave grows more linearly than the CF response (e.g., Ruggero et al. 1997 ). Another possibility is that intense masker levels activate the middle ear reflex. The middle-ear reflex refers to the contraction of the stapedius muscle in response to intense sounds, resulting in the attenuation of the sound level reaching the cochlea (Nuttal 1974). As contraction of the stapedius muscle attenuates low frequencies more than high frequencies (Kobler et al. 1992) , the effect of the reflex may have been to increase the off-frequency masker level required at high levels. However, because the reflex has little effect on frequencies above 2 kHz (e.g., Rosowski and Relkin 2001), this seems unlikely to be a complete explanation.
For some subjects, the compression estimates for higher signal levels suggest an expansive nonlinearity, i.e., a growth of response at the signal place of greater than 1 dB/dB. However, only one physiological study (Zinn et al. 2000) clearly suggests an expansive nonlinearity, at the apical end of the guinea-pig cochlea (a CF of around 300-400 Hz). It is possible that the high-level expansion observed in the present data was attributable to a combination of the basalward shift and the middle-ear reflex. In some cases, expansion was also observed at low levels. The dashed line in Figure 1 represents absolute threshold for the 6-ms signal presented in the experiment. The expansive behavior of the GOM functions close to absolute threshold may be due to the influence of the internal noise floor that limits detectability for signals in quiet. This reduces the level of the masker needed for the lowest signal levels.
In the present study, the on-frequency forwardmasked thresholds were on average 2.4 dB greater than the on-frequency simultaneous-masked thresholds. That is, the signal required on average 2.4 dB more masking when presented with an on-frequency forward masker than when presented with an on-frequency simultaneous masker. Using similar parameters, Oxenham and Plack (1998) also found a tendency for the nonsimultaneous-masked thresholds to be generally greater than the simultaneousmasked thresholds (as represented in terms of the GOM axes of the present study), with an overall difference across subjects of 2.1 dB, which is similar to the mean difference found in this study. Some previous studies with short masker-signal intervals have shown the difference between simultaneousand forward-masked signal thresholds to be greater than the mean difference of 2.4 dB difference in masker thresholds demonstrated in the present study. These studies showed forward-masked signal thresholds to be greater than simultaneous-masked thresholds by about 20 dB (as represented in terms of the GOM axes of the present study) (Gralla 1992: 1.5-ms 4-kHz signal, broadband masker, masker-signal delay of 8.5 ms; Dau et al. 1996 : 10-ms, 1-kHz, signal, frozen-noise masker, masker-signal delay of 10 ms). However, the magnitude of the difference between forward-and simultaneous-masked thresholds depends on a number of factors such as the temporal relationship between signal and masker, masker level, and type of masker. For instance, in the studies conducted by both Gralla (1992) and Dau et al. (1996) , the masker bandwidth was much greater than the bandwidth of the auditory filter (Glasberg and Moore, 1990) centered at the signal frequency, whereas in the present study the masker bandwidth was similar to the bandwidth of the filter centered at the signal frequency (noise-masker bandwidth: 500 Hz, filter bandwidth 456 Hz). Lee and Bacon (1988) showed that for a masker-signal gap of 0 ms, the mean masked thresholds for a 20-ms 4-kHz signal in the presence of a broadband masker were about 20 dB lower than the masked thresholds in the presence of an ERB-width masker. When the masker-signal gap between masker and signal was increased to 20 ms, the mean masked thresholds for the signal in the presence of a broadband masker was about 10 dB lower than the masked thresholds with an ERB-width masker. The broadband noise acts to suppress the internal representation of the masker falling within the filter bandwidth thereby decreasing signal thresholds. In line with this, Dubno and Ahlstrom (2001) showed that the difference between simultaneousand forward-masked thresholds is greater for a noise masker with a wide bandwidth than a noise with a narrow bandwidth. For a signal of 2 kHz (filter bandwidth approximately 240 Hz) and a masker with a bandwidth of 400 Hz, the mean difference between simultaneous and forward masked thresholds was small, around 5 dB, but this difference increased to about 35 dB for a masker bandwidth of 2 kHz. In addition, for signal thresholds measured as a function of masker bandwidth, the forward-masked thresholds decreased faster then the simultaneousmasked thresholds as the bandwidth of the masker was increased (Dubno and Ahlstrom 2001) , with the simultaneous-masked thresholds always greater than the forward-masked thresholds. As Dubno and Ahlstrom used a signal close to the onset of the masker, the simultaneous-masked thresholds would be anticipated to be slightly greater due to overshoot (van Klitzing and Kohlrausch 1994) . If this is the case, then it might be supposed that the difference between simultaneous and forward masked signal thresholds might be even smaller for a signal simultaneously presented in the temporal center of the masker. In sum, the relatively small difference between the on-frequency simultaneous and forwardmasked thresholds in this study may be due to three main factors: a short masker-signal interval, a narrowband noise masker bandwidth close to that of the filter centered on 4 kHz, and temporal positioning of the signal at the center, rather than near the onset of the masker.
The effects of suppression
The maximum amount of suppression estimated in this study ranged from about 6 to 17 dB across subjects, with an average value for maximum suppression of about 10 dB. The results show great intersubject variation in the estimated suppression, as has previously been noted for both human (e.g., Oxenham and Plack 1998) and animal (e.g., Ruggero et al. 1992 ) data. The fact that this variability is also found in the physiology suggests that it may be a consequence of differences in the cochlear response itself, rather than a consequence of measurement variability. Oxenham and Plack (1998) estimated suppression from GOM functions (using the same signal and masker frequencies as in this study) by subtracting the difference between the on-frequency simultaneous and nonsimultaneous GOM functions from the difference between the two off-frequency functions at each signal level. Maximum suppression seemed to occur for signal levels around 40-60 dB SPL (close to the mid-level range of signal levels of 35-60 dB SPL observed in this study) and maximum suppression ranged from 15 to 32 dB, with an average estimate of around 20 dB. It is important to note, however, that estimating suppression as the change in signal threshold produces a larger value than estimating suppression as the change in off-frequency masker threshold (as used here). While the former measures the change in the physical signal level needed to overcome the suppression, the latter estimates the change in the BM response produced by the signal. Because the signal is compressed, the former will always be greater than the latter. Measuring suppression as a change in signal level (i.e., the horizontal difference between the forward and simultaneous off-frequency GOM functions in Figure 1 ) yields an average value for maximum suppression of about 18 dB for the present study. In other words, the suppression measured here is similar to that reported by Oxenham and Plack, although less than that reported by the physiological studies described in the Introduction. Other psychophysical studies measuring suppression as a change in signal threshold have also found variable amounts of suppression up to about 30-35 dB (Duifhuis 1980; Shannon 1986) . Both Duifhuis (1980) and Shannon (1986) estimated suppression using pulsation threshold and found suppression to range from 12 to 35 dB (600 Hz suppressor, 1 kHz suppressee) and from 20 to 30 dB (400 Hz suppressor, 1 kHz suppressee), respectively. It appears that the amount of suppression is highly dependent on both the frequency and level relationship between the suppressor and suppressee (Duifhuis 1980) .
If it is assumed that the growth of suppression contributes to USM at the signal place for low-level signals (Delgutte 1990a; Gorga et al. 2002) , then the simultaneous GOM slopes may be expected to be shallower than those for forward masking, as is the case for C.O. for low-level signals. In this case, a shallower slope would not indicate compression but suppression of the signal. However, in the case of I.Y. and P.P. the reverse appears to be the case; shallower slopes are observed in forward rather than in simultaneous masking. The results of P.P. and I.Y. for low-level signals are compromised by the lack of a sufficient number of data points for signal levels below 40 dB SPL in order to derive meaningful estimates of compression. Also, when the signal level is close to the absolute threshold, the masking may rely more on internal noise rather than masker excitation. For the range of signals 40-60 dB SPL for which the BM response is known to be most compressive (e.g., Yates et al. 1990; Murugasu and Russell 1995) , the estimates of signal compression are greater for a forward than a simultaneous masker for A.B. and P.P., similar for both maskers for I.Y., and greater for a simultaneous than a forward masker for C.O. However, in the case of I.Y., the slope of the polynomial seems to be a slight overestimate of the slope in the raw data. For mid-level signals suppression may steepen the compressive BM response to the signal (Ruggero et al. 1992; Yasin and Plack 2003) , possibly by driving the compressive nonlinearity at the outer hair cell into saturation (Geisler and Sinex 1980; Javel 1981; Geisler 1985; Deng and Geisler 1985; Robles et al. 1986; Cheatham and Dallos 1989; Nuttal and Dolan 1993; Rhode and Recio 2001; Geisler et al. 1990 ). Suppression may operate to reduce the nonlinear gain of the cochlear amplifier at the signal place in a level-dependent manner, thereby decreasing the compression (Robles et al. 1987; Ruggero et al. 1992; Rhode and Recio 2001) . This effect is seen in the data for A. B. and C.O. Pang and Guinan (1997) suggested that if the BM response to a signal grows with signal level with a slope of c, then the response generated by 1-dB increase in a lower-frequency masker will reduce the gain at the signal place (suppress the signal) by (1/ c) _ 1 dB. Plotted as signal level against masker level, the slope (1/c) of the GOM function in the suppressed condition should be one less than the slope of the GOM function in the unsuppressed condition. A decrease in slope by only 0.3 in the suppressed condition is suggested by the findings of Oxenham and Plack (1998) ; the slope of the off-frequency simultaneous GOM function was 2.0 (c = 0.5), whereas the slope of the off-frequency forwardmasked GOM function was 2.3 (c = 0.43). In the present study, plotted as signal level against masker level, the average slope of the off-frequency forwardmasked GOM function was 3.9 (c = 0.26), whereas the average slope of the off-frequency forward-masked GOM was 3.2 (c = 0.31). This gives an average reduction of the slope by about 0.6 in the presence of suppression. This value is closer to the reduction of the GOM slope by one suggested by Pang and Guinan.
Overall, it appears that for mid-level signals suppression only has a small effect on the USM. The similarity in the compression estimates for simultaneous and forward masking in the present study suggest that, although suppression reduces the response to the signal, suppression by a masker that varies with the signal level does not have a large effect on the slope of the response function. This implies that the gain of the cochlear amplifier is reduced, but that the slope of the function relating gain to input level is not greatly affected.
CONCLUSIONS
Estimates of compression in the upward spread of masking derived with notched noise to limit offfrequency listening are consistent with the high estimates of compression found in physiological (Sellick et al. 1982; Yates et al. 1990; Ruggero et al. 1992 ) and psychophysical (Nelson et al. 2001) studies. This is true both for nonsimultaneous and for simultaneous masking. The similarity between the slopes of the growth of masking functions for nonsimultaneous and simultaneous maskers suggests that the role of suppression in the upward spread of masking is relatively small for mid-level signals, consistent with the results of Oxenham and Plack (1998) and the theoretical analysis of Pang and Guinan (1997) .
